A recently developed model that unifies the ballistic and diffusive transport mechanisms is applied in a theoretical study of carrier transport across potential barriers at grain boundaries in microcrystalline semiconducting materials.
I. INTRODUCTION
Over the past decades, a great deal of interest has been devoted to the study of the transport properties of microcrystalline semiconducting materials [1] [2] [3] [4] [5] . The commonly adopted viewpoint is that these properties are largely determined by potential barriers built up at grain boundaries due to charge carrier trapping into interface states [6] . Carrier transport across these barriers is mostly described in terms of the traditional thermionicemission model [7] , or the thermionic-field-emission model [8, 9] in which corrections allowing for quantum tunneling through the barriers are included.
Systematic studies of the transport properties in microcrystalline materials are usually based on measurements of Hall mobilities in thin films [1, 4] . Seto [10] has been the first to perform a detailed theoretical analysis of Hall data, applying the grain-boundary trapping model in conjunction with the thermionic-emission model. For p-type µc-Si thin films, potential barrier heights and trapping-state densities were deduced for different doping concentrations. In a large number of subsequent studies (see, e.g., Refs. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , and references cited therein), Hall mobilities were analyzed with regard to their dependence on temperature, doping concentration, and film thickness. While, in general, these analyses have supported the picture of thermally activated transport over grain boundary barriers, the quantitative understanding of barrier-controlled transport appears to be incomplete yet. For example, the effect of tunneling [12] and the detailed form of the density of grain-boundary trapping states [21, 22] need further clarification.
In the present paper, we concentrate on one particular aspect of the decription of barriercontrolled transport that does not seem to have been systematically studied until now, viz., the role played by the transport mechanism. In many practical cases, the magnitude of the carrier mean free path in microcrystalline material is comparable to the grain length, and so it appears indicated to consider departures of the transport mechanism from the commonly assumed thermionic-emission mechanism. A framework well suited to deal with this situation is provided by the unified transport model developed recently by the present authors [23] .
This model unifies the ballistic and diffusive transport mechanisms in a generalization of the Drude model. The unified model is valid for arbitrary shape of the band edge profiles and for arbitrary magnitude of the carrier mean free path.
In the next section, the main features of the unified transport model are briefly summarized and discussed. In Sec. III, electron mobilities calculated within the unified model are presented and analyzed with regard to their dependence on various parameters. Comparison is made with the thermionic-field-emission model. Section IV deals with the application of the unified model in an analysis of Hall mobilities for n-type µc-Si thin films. By suitably choosing the model parameters, grain-boundary potential barrier heights are inferred from the Hall data. Finally, in Sec. V, the contents of the paper are summarized and some concluding remarks are made.
II. UNIFIED TRANSPORT MODEL
In this section, we summarize and discuss the essential features of the unified transport model [23] . A one-dimensional formulation is used in conjunction with the semiclassical approach. We restrict ourselves to considering the case of electrons (holes are described analogously).
The unified model is based on the idea that electrons move ballistically in the electric field over intervals with average length equal to a universal mean free path l. At the end of a ballistic interval, the electrons are thermalized into a state of local equilibrium characterized by a quasi-Fermi level E F (x). The length S of the sample is made up of random configurations of ballistic intervals. By appropriately averaging over these configurations, one arrives at a unified description of electron transport, which is valid for arbitrary magnitude of l and for arbitrary shape of the conduction band edge profile E c (x). The purely ballistic and purely diffusive transport mechanisms appear as limiting cases of this description.
For the present purpose, the principal result of the unified model is the formula for the zero-bias conductance per unit area,
(β = 1/k B T ), which allows for degeneracy and quantum tunneling. This formula comprises Eqs. (46) and (48) of Ref. [23] , in which degeneracy and tunneling corrections, respectively, were taken into account separately. In Eq.
(1),
is the maximum of the band edge profile E c (x) for 0 ≤ x ≤ S and E F is the Fermi level for zero bias (note that in the degenerate case, E p may be negative). The quantity Γ is the tunneling correction, and L is the "effective transport length". In accordance with our description of carrier transport along classical trajectories, we treat tunneling in WKB approximation.
As we deal here with chains of identical grains, it is sufficient to consider tunneling through a single, symmetric potential barrier with maximum E m c at x = X (cf. Fig. 1 ). The correction Γ, defined as the ratio of the energy-integrated WKB and classical barrier transmission probabilities, is then given by
where
is the value of the band edge profile at the center of the grain. For the WKB tunneling probability T WKB (E), we have
Here, x 1 and x 2 are the positions of the left and right turning point, respectively, of the classical electron motion at total energy E.
The effective transport length L has the form
It comprises, aside from the mean free path l which represents the ballistic contribution to electron transport, the "reduced sample length" S and the "shape term" Λ. While S reflects the diffusive contribution, Λ represents the interplay between ballistic and diffusive transport. For a chain of ν identical grains, each of length s, the reduced sample length is given by
For the shape term, we have
It is seen from Eq. (1) that, except for an overall factor, the quantity
the resistance of the chain. We split up R into a net ballistic contribution R b and a net
Using Eqs. (4), (5) , and (7), we find for the ballistic contribution (which is proportional to the inverse of the probability for transmission through the barriers)
In this expression, one barrier contributes fully ballistically, while the contribution of the other ν − 1 barriers is weighted by the probability 1 − exp(−s/l) that one or more collisions (thermalizations) occur within the distance s in the valley between one barrier and the next. Without such collisions, the barrier at the end of the valley would not contribute; it would be "eclipsed" by the preceding barrier (cf. Ref. [23] ). The contribution of each barrier contains the factor Γ −1 , which takes into account the reduction of the resistance arising from tunneling. For the diffusive contribution, we have
Here, each of the ν intervals contributes its diffusive resistance, but this is diminished by the ballistic contributions of the ν − 1 valleys, which enter in the weight factors exp[−2|x − (X − s/2)|/l] representing the probabilities for collision-free motion.
The energy E above which the tunneling probability T WKB (E) becomes appreciable is usually larger than E 0 c . The associated turning points lie within a region of width ∆, which defines the "tunneling interval" [23] , i.e., the distance across which tunneling can occur (cf. Fig. 1 ). Since tunneling is a ballistic process, one must have ∆ ≪ l, and we must exclude ballistic interval lengths smaller than ∆ when averaging over the configurations made up of these intervals [23] . This should entail a relative reduction of order ∆/l of all integrals over x in Eqs. (5), (7), and (10). In the application considered in Sec. IV, we have ∆/l < 0.2, and in view of the other simplifications of the model we omit the corresponding correction in our calculations. This procedure may be viewed as a heuristic description of the simultaneous occurrence of tunneling and diffusion. It differs from that of Ref. [23] , where the tunneling interval has been excluded from the above-mentioned integrals.
III. ELECTRON MOBILITIES
In the unified transport model, the (effective) electron mobility µ for a chain of ν identical grains of length s is given by
where g is the conductance of Eq. (1) andn is the electron concentration averaged over a grain. The effective length L depends explicitly on the mean free path l and on the number of grains, ν [cf. Eqs. (4)- (7)]. In particular,
Note that the expression (11) refers to an ideal, one-dimensional situation with strictly homogeneous grain boundaries.
Aside from the explicit dependence of the mobility µ on the mean free path l, an implicit dependence on l arises from the dependence of the band edge profile E c (x) on the donor concentration N d . Adopting a relation between l and N d obtained from Ref. [24] , we examine here the characteristic behavior of µ as a function of mean free path l (or donor concentration
, grain number ν, and grain length s, and compare it to the behavior found for thermionic field emission. For that mechanism, the mobility is obtained by setting ν = 1 and L = l in Eq. (11) [the l-dependence of the mobility is then determined solely by the implicit ldependence of the band edge profile].
Using Fermi-Dirac statistics and assuming the grain boundaries to be infinitesimally narrow, we calculate equilibrium band edge profiles E c (x) within the trapping model by numerically solving the nonlinear Poisson equation (thereby going beyond the depletion approximation [10] ) for a single grain under periodic boundary conditions [23, 25, 26] . The density D t (E) of trapping states at a grain boundary is taken as the sum of a term corresponding to a deep level at energy E 0 and an exponential describing tail states [22] extending from the bulk conduction band edge at E c down into the gap, i.e.,
Electron mobilities for n-type µc-Si at room temperature (T = 300 K), calculated from the unified-model expression (11) , are displayed in Figs. 2-5 as a function of the parameters l, ν, and s. For the parameters in the trapping-state density D t (E), we have used values that emerged from our previous analysis of Hall mobility data for phosphorus-doped µc-Si within the thermionic-field-emission model including a fully quantal treatment of tunneling [27] , viz., For comparison, the mobility of the thermionic-field-emission model is also shown. The pronounced minimum observed in all curves is associated with the transition from complete depletion of the grains to partial depletion when the donor concentration increases beyond a critical value [10] . In the range l ≈ s, the unified-model mobility for ν → ∞ is larger by about 50%, on average, than that for ν = 1. For larger l, the ratio of these two mobilities tends to diverge, with a variation proportional to l/s when l ≫ s [cf. Eqs. (7) and (12)].
The transport mechanism in the unified model becomes purely ballistic in the large-l limit. Therefore, for a single grain, the corresponding mobility shown in Fig. 2 approaches that for the thermionic-field-emission mechanism which is also purely ballistic. On the other hand, for a chain of grains, the thermionic-field-emission model (and, of course, the thermionic-emission model as well) identifies the conductivity, and hence also the mobility, of a single grain with that of the whole chain. It thus tacitly assumes that the mean free path l is long compared to the width of the barriers but short compared to the length of the grains, so that while moving through the grains, the electrons are thermalized and "face"
each grain boundary barrier with the same thermal distribution as when passing over the previous one (cf. Sec. 4.1 of Ref. [23] ). The thermionic-emission model is then no longer a purely ballistic model; for ν > 1, its results for large l must differ from those of the unified model, in which the barriers begin to "eclipse" each other when l becomes larger than the distance s between them.
The influence of tunneling on the unified-model mobilities is illustrated in Fig. 3 . The Eqs. (4), (5), and (7)]. It appears that the latter dependence has small influence only, and thus tunneling enhances the mobility essentially by a factor Γ over its classical value.
In Fig. 4 , unified-model mobilities are shown as a function of the number of grains, ν.
Sizeable variations of the mobility are restricted to the range of small ν and very low donor concentration N d . The ν-dependence of the mobility arises from the eclipsing effect, which is most notable when comparing the transport across one barrier (ν = 1) with that across two or three barriers (ν = 2, 3). As the number of barriers increases, the eclipsing effect of the added barriers becomes negligible, and the mobility becomes independent of ν [cf. Eq. 
IV. APPLICATION: ANALYSIS OF HALL MOBILITIES
In this section, we apply the unified transport model in an analysis of Hall mobility data for thin films of n-type µc-Si. Following common practice [1] , we identify the effective mobility µ given by expression (11) with the Hall mobility µ H . By fitting, in the range of thermally activated transport, the temperature dependence of µ to that of µ H , we infer true potential barrier heights, which solely reflect structural properties of the grain boundaries.
The deviations of the Hall activation energies from the true barrier heights exhibit the effect of the transport mechanism on the mobilities.
A. Activation energies and barrier heights
Our analysis is based on Hall data obtained for samples of highly phosphorus-doped µc-
Si:H thin films, with thickness varying between 0.15 and 0.28 µm and average grain length s ≈ 15 nm (for details, see Refs. [19, 20] ). In Fig. 6 , the temperature dependence of the Hall mobilities µ H is shown in an Arrhenius plot. Fitting straight lines to the mobilities in the high-T range, i.e., assuming the mobilities there to have the form
we have determined values for the preexponentials µ 0 H and the activation energies E a for the different samples (by restricting ourselves to the high-T range, we avoid entering a discussion of the intricacies of curved Arrhenius behavior; cf. Ref. [28] , and references cited therein).
In Table I , the values of µ 0 H and E a are listed along with donor concentrations N d estimated [19] from the electron concentrations by using Seto's model [10] . The mean free paths l corresponding to the N d -values vary between 10 nm and 20 nm (cf. inset in Fig. 2 ), i.e., the condition l ≈ s is fulfilled.
In (11) and (12)]. In those temperature ranges where the different data sets in Fig. 6 exhibit Arrhenius behavior, the temperature dependence of the corresponding theoretical mobilities can be well approximated, in the vicinity of a fixed temperature T 0 , by an Arrhenius formula
where the preexponential µ 0 and the "effective barrier height" E eff b depend weakly on T 0 . We then can identify E eff b , evaluated at a suitably chosen T 0 -value, with the activation energy E a derived from the experimental data. In the following, we use T 0 = 300 K throughout; this value is roughly equal to the average of the centers of those T -intervals over which the Hall data of Fig. 6 exhibit Arrhenius behavior.
In order to infer true barrier heights, we match the effective barrier heights E eff b to the activation energies E a given in Table I While the value of α 0 is close to that of Ref. [27] , the value of α 1 is smaller by about 30%.
Varying the values of E 0 , κ, and ǫ within reasonable bounds does not lead to a substantial change in the adjusted values of N 0 .
Using the interpolation formula for N 0 as a function of N d , we have calculated from Eqs. (11) and (15) Fig. 8) .
B. Discussion
The principal result of our analysis of Hall mobilities is that the true potential barrier heights derived within the unified model deviate substantially from the Hall activation energies. Considering the results presented in Figs. 8 and 9 in detail, we conclude that although the unified and thermionic-field-emission models generally yield appreciably different values for the electron mobilities (cf. Sec. III), the effective barrier heights obtained from the two models are in close agreement when one and the same (adjusted) set of parameters in the trapping-state density is used, thus implying identical values for the true barrier heights. In the present analysis, therefore, the effective barrier heights turn out to be not sufficiently sensitive to either type of transport mechanism; the subtle effects of the interplay between ballistic and diffusive transport, which are taken into account in the unified model, cannot be resolved within the uncertainties of the analysis. In the unified model, as in the thermionicfield-emission model, the transport mechanism manifests itself essentially through the effect of tunneling, which causes the true barrier heights to deviate appreciably from the effective heights, in particular for large donor concentrations.
It is seen that the true barrier heights derived within the classical approximation come closer to the effective heights, i.e., to the Hall activation energies. Finally, it is found that the adjusted values of the area density of the trapping states rise rapidly with increasing donor concentration when tunneling is taken into account. In the classical description, on the other hand, the area density exhibits a very weak dependence on donor concentration.
The latter result is in line with the finding obtained by Seto [10] for p-type µc-Si thin films.
In order to assess the general reliability of the present description and the relevance of the results of the analysis of Hall data, a number of remarks are in order.
(i) In our description of barrier-controlled transport, we have disregarded a number of effects whose consideration may quantitatively alter our results. We have confined ourselves to a one-dimensional formulation and have treated chains of identical grains only. Fluctuations in grain length, the non-planarity and inhomogeneity of the grain boundaries, and the perturbation caused by column boundaries have not been taken into account.
(ii) The absolute values of the electron mobilities calculated for n-type µc-Si are by about one order of magnitude larger than the experimental values (cf. Figs. 6 and 7) . Inhomogeneities in the grain-boundary properties that are not allowed for in our one-dimensional treatment are likely to be responsible [3, 16] for this feature.
(iii) There is a zone of disorder of finite extension at real grain boundaries (albeit estimated to be very narrow (width < 1 nm) in µc-Si (14) to the Hall mobility data shown in Fig. 6 . Dotted curves: corresponding effective barrier heights E eff b (cf. Fig. 8 ).
